Community-acquired infections caused by methicillin-resistant Staphylococcus aureus (MRSA) expressing the Panton-Valentine leukocidin (PVL) are rampant, but the contribution of PVL to bacterial virulence remains controversial. While PVL is usually viewed as a cytotoxin, at sublytic amounts it activates protective innate immune responses. A leukotoxic effect might predominate in high inoculum studies, whereas protective proinflammatory properties might predominate in settings with lower bacterial inocula that more closely mimic what initially occurs in humans. However, these protective effects might possibly be neutralized by antibodies to PVL, which are found in normal human sera and at increased levels following PVL + S. aureus infections. In a low-inoculum murine skin abscess model including a foreign body at the infection site, strains deleted for the pvl genes replicated more efficiently within abscesses than isogenic PVL + strains. Coinfection of mice at separate sites with isogenic PVL + and PVL -MRSA abrogated the differences in bacterial burdens, indicating a systemic effect on host innate immunity from production of PVL. Mice given antibody to PVL and then infected with seven different PVL + strains also had significantly higher bacterial counts in abscesses compared with mice given nonimmune serum. Antibody to PVL had no effect on MRSA strains that did not produce PVL. In vitro, antibody to PVL incapacitated PVL-mediated activation of PMNs, indicating that virulence of PVL + MRSA is enhanced by the interference of PVL-activated innate immune responses. Given the high rates of primary and recurring MRSA infections in humans, it appears that antibodies to PVL might contribute to host susceptibility to infection.
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bacterial pathogenesis | immunity | Panton-Valentine leukocidin | MRSA I nfection with methicillin-resistant Staphylococcus aureus (MRSA) strains in otherwise healthy individuals has become a serious public health issue (1) (2) (3) . Community-acquired MRSA (CA-MRSA) causes primarily skin and soft tissue infections (SSTIs) (2, 4) , but also can cause severe necrotizing pneumonias, usually secondary to a viral respiratory tract infection (1, 5) . Production of the Panton-Valentine leukocidin (PVL) is a characteristic of CA-MRSA strains (4), but PVL's contribution to pathogenesis of S. aureus is controversial (6) (7) (8) (9) . PVL is a bicomponent pore-forming toxin composed of the LukF and LukS proteins encoded by the corresponding genes present in tandem on a bacteriophage lysogenized within the S. aureus chromosome (10) . Previous work with these types of toxins has shown that they can lyse polymorphonuclear neutrophils (PMNs) and monocytes of the white blood cell lineage (11, 12) ; however, importantly, at sublytic levels, staphylococcal leukocidins also have a strong proinflammatory effect on granulocytes (12) . Whereas dissimilar outcomes from different investigators analyzing the contribution of PVL to virulence in experimental settings can be attributed to the use of different S. aureus strains and different infection systems for analysis of virulence, as well as different mouse strains, key factors related to human infections have not been incorporated into these previous evaluations. Regarding SSTIs, many infections likely contain particulate matter introduced into the site of infection, essentially introducing a "foreign body," which is well known to enhance the virulence of S. aureus (13, 14) . In addition, most humans, but not laboratory mice, have naturally acquired antibodies reactive with PVL (15), which could neutralize either its toxic or proinflammatory effects, in either case having a possibly profound effect on the course of infection with PVL-producing S. aureus. A leukotoxic effect might be dominant in virulence studies that use high bacterial inocula, whereas a positive effect from the proinflammatory properties of PVL might predominate in settings with lower bacterial inocula, likely more closely mimicking what occurs in many human infections, especially in the early stages.
Consequently, we postulated that PVL elaboration could affect SSTI outcome in a positive manner by activating inflammatory responses, leading to stronger innate immunity, but that in the presence of antibody, neutralization of this activity would then increase the bacterial burden in infected tissues. To test this hypothesis, we compared the ability of multiple strains of PVLpositive S. aureus and isogenic Δpvl strains for virulence in a lowinoculum, foreign body-enhanced model of SSTI, and also examined the effect of antibodies to PVL on the outcome of infections.
Results
We initially compared the number of bacterial colony-forming units (cfu) per abscess recovered 3 days after s.c. infection of the flanks of mice with four different PVL-positive and isogenic Δpvl CA-MRSA strains, including three USA400 CA-MRSA strains (NRS193, NRS194, and MW2) and one USA300 CA-MRSA strain (LAC). For three of the four strains tested, bacterial counts recovered from the abscesses of mice infected with the Δpvl mutant were significantly higher (between 4 × 10 6 and 3 × 10 7 more cfu/abscess on average) than those of their corresponding wild-type parental strains except strain MW2 (Fig. 1A) . To determine whether the loss of PVL production associated with increased virulence was due to local effects or to systemic effects, mice were simultaneously infected in the lateral flank with either a wild-type or an isogenic Δpvl S. aureus strain. In this setting, there were no differences in the bacterial counts of the strains recovered from the two different sites in the same animal (Fig. 1B) . This suggests that when PVL is produced by a wildtype strain, it apparently triggers a systemic activation of the innate immune response. This negates the difference in bacterial abscess counts between the wild-type and isogenic Δpvl strains seen when these strains are inoculated separately into different mice. Notably, we found that inoculating separate groups of mice with higher doses of either PVL-producing or isogenic Δpvl S. aureus did not lead to any differences in the bacterial burden in abscesses (Fig. S1 ). This suggests that PVL causes a systemic activation of protective host innate immunity in the early stages of infection when bacterial levels are low that is not apparent when high initial inocula are used in animal infections.
We hypothesized that if PVL were functioning in this setting to activate innate immunity and promote control of microbial levels, then antibodies specific to PVL would neutralize this activity and increase the levels of bacteria within abscesses in the SSTI model. We used recombinant LukF and LukS proteins to raise antibodies to each component in rabbits (Fig. S2) . The cytotoxin-neutralizing activity of the sera was confirmed by the findings that the antibodies inhibited lysis of human PMNs exposed to a lytic dose of PVL, whereas nonimmune rabbit serum could not neutralize the cytotoxic activity of PVL (Fig.  S3 ). We then injected by the i.p. route equal amounts of each antiserum into mice 48 h and 24 h before initiating a s.c. infection with eight different PVL-producing strains of S. aureus. Again, with the exception of strain MW2, bacterial counts from abscesses of mice given antisera to PVL were consistently higher than those from mice given nonimmune sera, including both MRSA and a PVL + methicillin-sensitive strain, NRS158 (P values ranged from .007 to .04; Fig. 2A ). These results suggest that antibody to PVL interferes with host defenses that contribute to controlling bacterial levels, allowing PVL-producing S. aureus strains to replicate more efficiently within mouse abscesses. Because antisera to S. aureus leukocidins are crossreactive (10) , and because the Δpvl S. aureus strains may make additional leukocidins, such as LukD/LukE and gamma hemolysin, we next examined whether the effect of the antiserum to PVL was specific to this microbial factor by injecting mice with either nonimmune or PVL-immune rabbit antisera before infection with Δpvl S. aureus strains. In this setting, there were no differences in the cfu counts recovered form the abscesses of mice given nonimmune or PVL-immune antisera (Fig. 2B) , indicating that the activity of the antibody to PVL has a specific effect on PVL in terms of interfering with activation of host innate immunity to SSTIs.
Previous studies have found that the induction of proinflammatory cytokine release by PMNs exposed to sublytic levels of PVL results from the opening of calcium ion (Ca 2+ ) channels, which is a necessary step in PMN activation (16) . We next explored whether antibodies to PVL affected PVL-mediated Ca 2+ influx into PMNs by measuring the emission of fluorescence by cells preloaded with a calcium indicator. In the presence of nonimmune rabbit sera, PMNs exposed to sublytic amounts of purified PVL (20 and 40 ng) displayed Ca 2+ channel opening, whereas antibody to PVL inhibited Ca 2+ channel opening (Fig. 3A) . These results suggest that antibodies to PVL may prevent PVL-induced acti- vation of PMNs and subsequent innate immune responses to S. aureus infection.
To explore whether antibody-mediated augmentation of the virulence of PVL-producing S. aureus strains is indeed due to an effect on PMN-mediated host immunity, we analyzed the effect of antibodies to PVL on S. aureus survival in the presence of human PMNs in vitro. We found increased survival of three of four PVL-producing S. aureus strains in the presence of immune, but not nonimmune, sera to PVL, the exception again being strain MW2 (Fig. 3B ). Antibody to PVL had no effect on survival of the isogenic Δpvl S. aureus strains. Viability of PMNs were comparable when incubated with PVL + or Δpvl strains in the presence of either nonimmune or immune sera. Thus, the effect of antibody to PVL on PMN responses to PVL-producing S. aureus appears to result in interference with the antibacterial activity of the PMNs.
Most normal (i.e., nonimmunized) human or animal sera have little to no natural antibodies that mediate opsonic killing of S. aureus (17) (18) (19) , a process that also requires a significant contribution from complement (20, 21) , which was determined to be present at ∼5% of serum levels in the abscesses of infected mice. We thus hypothesized that control of this microbe within abscesses possibly could be due to a secreted antimicrobial factor. Supernatants from PMNs exposed to PVL + strain NRS194 plus nonimmune rabbit sera inhibited the growth of 4 S. aureus strains to a greater degree than did supernatants from PMNs exposed to NRS194 and antisera to PVL (Fig. 4) , indicating lower levels of antimicrobial factors in the PMN supernatants containing antibody to PVL. Interestingly, the PVL + MW2 strain, which did not demonstrate the same effects in mice on deletion of pvl or in the presence of antibodies to PVL as other PVL + strains tested, nonetheless was more susceptible to the antimicrobial activity in supernatants from PMNs incubated with PVL + strain NRS194 and nonimmune sera compared with supernatants from PMNs incubated with the same strain and PVL-immune sera (Fig. 4) . Thus, S. aureus strains that do not demonstrate enhanced virulence in the presence of antibody to PVL nonetheless seem to be equally susceptible to the antibacterial factors released by activated PMNs in response to PVL.
Discussion
Our findings indicate that under conditions of relatively low bacterial inocula and the presence of a particulate foreign body, three of the four PVL-producing S. aureus strains tested had a reduced ability to replicate and survive in skin abscesses compared with isogenic strains deleted for production of this leukocidin. Importantly, in this setting, antibody to PVL appeared to decrease the ability of PMNs to control the proliferation of PVLproducing S. aureus, possibly by impairing the process through which these immune cells are activated. These findings likely are highly applicable to human infections with MRSA, given that a 30%-50% recurrence rate within 18 months of MRSA infection has been reported in previously infected humans, usually with the same strain (22) (23) (24) (25) , and that individuals with PVL-positive MRSA infections mount potent immune responses to PVL following primary infections (26, 27) . This finding suggests that humans with recurrent PVL + MRSA infections likely have very high levels of antibody at the onset of infection that nonetheless does nothing to prevent recurrent infection and might even promote reinfection. These findings also raise concerns as to whether a recently initiated phase 1 human trial of monovalent and bivalent vaccines containing the LukS component of PVL (http:// www.clinicaltrials.gov/ct2/show/NCT01011335?term=NABI&r-ank=5) might enhance the susceptibility to infection. Overall, our experimental results suggest that the emergence of PVL-producing CA-MRSA in human SSTIs, and perhaps other infectious settings, may be due not to a direct leukotoxic effect of PVL, but rather to the presence of antibody to PVL, which delays the host's ability to detect and respond to infection, particularly at early stages when bacterial levels are low. Our conclusions are also consistent with previous results demonstrating that concentrations of PVL below the level needed to lyse PMNs induce the release of proinflammatory factors histamine, beta-glucuronidase, leukotriene B4, and interleukin-8 from granulocytes (12, 28, 29) . Among the family of related S. aureus two-component toxins, PVL has the most potent activity in terms of activating proinflammatory mediators from granulocytes (12, 28, 29) . Above a certain threshold, PVL multimerizes to form pores in membranes of PMNs, resulting in PMN lysis (11) , which might contribute to virulence when bacterial levels increase in the presence of insufficient neutralizing antibody.
Apparently contradictory results regarding the role of PVL in CA-MRSA virulence, as defined by mouse models of pneumonia and skin infections, likely reflect experimental conditions that mask some important biologic effects of PVL and also do not take into account the contribution of antibody to the infectious process. At the much higher challenge doses of PVL-positive S. aureus used by other investigators, the positive, proinflammatory effects of PVL would not be apparent, although we do note that some findings were consistent with ours in regard to the enhanced virulence of pvl-deleted strains (7). Our use of challenge doses in the presence of a foreign body that allows infections with 3 logs fewer bacteria than those used by other investigators (10 7 cfu/abscess of S. aureus LAC compared with our inoculum of 10 4 cfu/abscess) (8, 30) likely is relevant to our ability to show that the loss of PVL increases virulence as measured by higher bacterial loads in abscesses. Using SKH1-hBR hairless vs. Balb/C mice) may explain the different results, but overall these high challenge doses likely masked any potential effects from PVL elaboration that would be manifest in human infections, which most likely start out initially with much lower infectious inocula along with particulate matter introduced into wounded or abraded tissues.
We also note that Tseng et al. (32) claimed that antibody to PVL blocked muscle injury by two PVL-producing S. aureus strains in a skin infection model using CD1 mice when infections were established with 10 9 cfu. Interestingly, these investigators did not observe differences in muscle injury between PVL-producing and PVL − strains at lower inocula of 10 7 or 10 8 , or when SKH1 or C57BL-6 mouse strains were infected with 10 9 cfu. At that inoculum, PVL-producing strains caused larger muscle lesions than PVL − strains in CD1 and Balb/C mice, although similar bacterial levels of both strains were recovered from abscesses. Similarly, Brown et al. (31) claimed that antibody to PVL induced by s.c., but not mucosal, vaccination protected against skin infection with a single strain of USA300, which might be relevant to their high-dose inoculum model. But they reported only weight changes, not bacterial loads, and they reported no control experiment infecting immunized mice with the Δpvl strain, calling into question the specificity of the observed protection. Moreover, the foregoing studies reported no difference in outcomes following intranasal challenge between mice immunized s.c. with LukS and/or LukF and adjuvant alone.
The lack of an effect of antibody to PVL on the virulence of the USA400 strain MW2 suggests that other factors produced by S. aureus, such as phenol-soluble modulins and α-toxin (30), might modify the effects of PVL, emphasizing a well-established concept regarding S. aureus pathogenesis that the virulence of a strain may not be dependent on the elaboration of a single factor, but rather that the overall properties of the strain are the key for virulence. Strain MW2 seems to elaborate more of the golden carotenoid pigments, which imparts antioxidant properties (Fig.  S4) (33) and hence resistance to PMN-mediated antimicrobial effects, potentially masking any effects of PVL activation of granulocytes on this strain. Overall, a variety of factors need to be considered to gain more insight into the role of PVL in the emergence of the CA-MRSA epidemic. These factors include the amount of PVL produced, which might be beneficial at low amounts but harmful to the host at higher amounts, as well as the immune status of the infected individual, particularly the presence of antibody to PVL. Of note, other infectious diseases, such as Dengue hemorrhagic fever, have been proposed to have an antibody-dependent enhancement of pathogenesis (34) . The findings from our animal studies, along with the high recurrence rate of MRSA infections in humans, often involving the same strain (22) (23) (24) (25) 35) , and the increased antibody levels to PVL reported after a primary infection (26, 27) , suggest the need for caution when considering the value of immunization against PVL, due to the potential of antibody to enhance virulence in at least some common settings of S. aureus infection. Susceptibility of PVL + and isogenic Δpvl S. aureus strains to the antimicrobial activity of PMNs. Bars represent means; error bars represent SEM. the percent change in S. aureus CFU in the presence of antibody to PVL was significantly higher in strains LAC, NRS193, and NRS194 producing PVL compared with cultures incubated with NIS (P <.05, t test). No significant differences were seen with the Δpvl strains or with strain MW2.
Materials and Methods
Bacterial Strains. S. aureus strains MW2 (NRS123), NRS158 (MSSA), NRS193, NRS194, NRS384, and NRS482 were obtained from the Network on Antibiotic Resistance in S. aureus (NARSA). Isogenic Δpvl versions of strains MW2, NRS193, and NRS194 were generated by allelic replacement with PVLencoding genes that were disrupted by a cassette conferring resistance to erythromycin (Δpvl::erm). The lukSF ORFs, with at least a 0.5-kb flanking upstream and downstream sequence, were amplified by PCR (upstream primer, BamHIuplukSF2: gga tcc caa ata aga ggt gta aca cct cg; downstream primer, BamHIdownlukFR2: gga tcc ctt tta aac ata gct cat cac cc; BamHI sequences in bold) and cloned into pCR4-TOPO (Invitrogen). Outward primers with 5′ XhoI tails were designed to amplify lukSF-pCR4-TOPO outward from the cloned lukSF ORFs, leaving <100 bp of the 5′ end of lukS and the 3′ end of lukF (XhoIlukSdeleteF: ggg ctc gag tac atc aat tta tga agt tga ttg gg; XhoIlukFdeleteR: ggg ctc gag ttg cag cta ata gtc ttt ttt tga cc; XhoI sequences in bold). XhoI excised the TN917 erythromycin-resistance gene (ermR) from pTLV1 (36) and was ligated with the preceding PCR product, yielding Δpvl:: ermR-pCR4-TOPO. The Δpvl::ermR construct was excised with BamHI, followed by ligation into BamHI-digested pMAD plasmid, a temperaturesensitive Eschericha coli-S. aureus shuttle vector (37) . Plasmid Δpvl::ermRpMAD was transformed into protoplasts of S. aureus strain RN4220 by electroporation (38) and then phage-transduced into target S. aureus strains (MW2, NRS193, and NRS194) using phage 85 (39) . A shift to a nonpermissive temperature induced homogolous recombination of Δpvl::ermR-pMAD into the chromosome. Strains that underwent a second homologous crossover event, replacing the wild-type lukSF genes with Δpvl::ermR that also were cured of the pMAD plasmid, were identified by blue-white selection due to the loss of the β-galactosidase gene encoded on pMAD. Selection of Δpvl:: ermR constructs were done on LB agar plates with 100 μg ampicillin/mL for E. coli and 3 μg erythromycin/mL for S. aureus. Successful deletion of the pvl genes (Δpvl) was confirmed by PCR and Western blot analysis for protein production (Fig. S5) ; the lower protein band that remains in Δpvl samples can be attributed to cross-reactive staphylococcal leukocidin(s) (10) . The SF8300 strain, along with LAC and its isogenic Δpvl counterpart (LAC Δpvl), were provided by M. Otto. Strains MW2, NRS193, and NRS194 belong to sequence type USA400, whereas strains NRS384, NRS482, LAC, and SF8300 belong to sequence type USA300.
Growth of S. aureus Strains for Mouse Infections. S. aureus strains were grown in yeast extract-casamino acid-sodium pyruvate (YCP) broth at 37°C with gyratory shaking to mid-late logarithmic phase (optical density at 650 nm of ∼0.8-0.9), washed twice, and suspended in 1/100 volume of YCP broth. Aliquots were frozen at −80°C until ready for use in mouse infections, at which time they were thawed and diluted in YCP broth to the desired inocula. The actual cfu injected was confirmed by plate counts of the inocula.
Mouse Model of S. aureus Skin Abscess Infection. Swiss Webster mice age 3-5 weeks were purchased from Harlan Laboratories. S. aureus inocula were mixed with an equal volume of sterile cytodex microcarrier beads (131-220 μM; Sigma-Aldrich), and 100 μL of the mixture was injected intradermally within the shaved midback flank region of the mouse. Each abscess was induced with an inoculum of 10 4 cfu (S. aureus LAC, NRS384, and NRS482) or 10 5 cfu (MW2, NRS158, NRS193, NRS194, and SF8300). Two injections were administered to each mouse, one on each side. After 3 days, the mice were euthanized, and the abscesses were harvested for bacterial enumeration. The Δpvl strains were plated on antibiotic-selective media. In experiments comparing the effects of nonimmune and PVL-immune sera for the outcome of S. aureus abscess infection, 200 μL of sera was administered i.p. 48 h and 24 h before infection was established. Animal experiments were conducted in accordance with guidelines of and under a study approved by the Harvard Medical Area Institutional Animal Care and Use Committee.
Production of Antibody to PVL. The genes encoding the two components of the PVL toxin, lukS and lukF, were cloned separately into a maltose-binding protein fusion vector (pMAL-c2×; New England Biolabs), as described elsewhere (15) , and purified according to the manufacturer's instructions. Two New Zealand White rabbits (Millbrook Breeding Labs) were used for antibody production, with one rabbit immunized with the LukS protein component of the toxin and the other immunized with LukF. The rabbits were first immunized three times via the s.c. route with 10 μg of each protein mixed in an equal volume of incomplete Freund's adjuvant 1 week apart. Three follow-up booster immunizations via the i.v. route were given during the following week.
Statistical Analysis. Data were analyzed by either the parametric or nonparametric unpaired or paired t test using the Prism 4 software package.
Preparation of Human PMNs. PMNs were purified from fresh human blood from healthy adult volunteers who provided informed consent under a protocol approved by the Partner's Healthcare Institutional Review Board using gradient centrifugation with Polymorphprep (Axis-Shield).
Calcium Assays of Human PMNs. A Fluo-4 Direct Calcium Assay Kit (Molecular Probes) was used to compare human PMN uptake of extracellular calcium ions when incubated with purified PVL in the presence of either nonimmune rabbit sera or PVL-immune rabbit antisera. Purified PMNs were suspended in the Fluo-4 Direct calcium assay buffer to ∼6.25 × 10 6 cells/mL, after which the cells were loaded with the Fluo-4 Direct calcium assay reagent following the manufacturer's protocol. Rabbit sera (10 μL undiluted, heat-inactivated at 56°C for 30 min) and purified PVL (20 or 40 ng/10 μL) were added to the loaded PMNs immediately before fluorescence measurements. The approximate fluorescence excitation and emission maxima of 485 and 528 nm were used. Readings were taken approximately every 1.5 min over a 30-min period.
Antimicrobial Activity of Human PMNs Against S. aureus. All components of the assay were diluted or resuspended in MEM (Gibco) containing 1% BSA. Overnight YCP-broth grown cultures of S. aureus (37°C) were diluted to an OD 650 of 0.4, followed by further dilution of 1 in 200, to achieve ∼2 × 10 6 cfu/mL Purified PMNs were suspended to ∼6.25 × 10 6 cells/mL. Nonimmune and PVL-immune antisera were heat-inactivated, diluted 1 in 5, and adsorbed twice with a turbid suspension (∼10 10 cfu in 1 mL) of the target Δpvl strain, to remove non-PVL specific antibodies. The 100 μL of each component was added to each assay, and MEM+1% BSA was added to achieve a final volume of 400 μL. The tubes were incubated at 37°C for 6 h with end-over-end rotation, and surviving cfu was determined by serial dilution and plating. The reactions were centrifuged, and the supernatant was filter-sterilized and stored −20°C until needed. Fig. 4 . Effect of antibody to PVL on production of an extracellular antibacterial factor by human PMNs exposed to PVL-positive S. aureus. S. aureus strains LAC, NRS193, NRS194, and MW2 were grown to midlogarithmic stage, diluted, and incubated with supernatants from PMNs exposed to S. aureus NRS194 in the presence of NIS or antibody to PVL. Samples were obtained after 30 min and 1 h for enumeration of viable S. aureus. Four separate experiments were conducted and analyzed. P values are from unpaired t tests. Bars represent means; error bars represent SEM.
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Evaluation of Antimicrobial Activity of Supernatants from PMN Activated by S. aureus in the Presence of Antibody S. aureus strains to be tested were diluted from an overnight 37°C culture into YCP medium to an OD 650 of 0.1, followed by growth at 37°C with aeration until an OD 650 of 0.4 was reached. Each strain was then diluted 1:5,000 in MEM+1% BSA (∼2 × 10 4 cfu/mL). Then 10 μL of diluted S. aureus was added to 100 μL of the PMN antimicrobial assay supernatant to be tested, within a well of a microtiter plate. The microtiter plate was shaken at 37°C, and samples were plated at timed intervals for bacterial count comparisons.
